The roles of p38 MAP kinases and ERK in UVB induced cox-2 gene expression were studied in a human keratinocyte cell line, HaCaT. UVB signi®cantly increased cox-2 gene expression at both protein and mRNA levels. As we reported previously, p38 and ERK were signi®cantly activated after UVB irradiation in HaCaT cells. In addition, treating the cells with p38 inhibitor SB202190 or MEK inhibitor PD98059 speci®-cally inhibited UVB induced p38 or ERK activation, respectively. In this study, we further examined the roles of p38 and ERK in UVB induced cox-2 gene expression in HaCaT cells. We found that SB202190 strongly inhibited UVB induced COX-2 protein expression at dierent time points and various UVB doses. Furthermore, SB202190 markedly inhibited UVB induced cox-2 mRNA. Our data indicated that ERK did not play a role in UVB induced cox-2 gene expression in human keratinocytes since suppression of ERK did not signi®cantly alter UVB induced increase of COX-2 protein and mRNA. These results suggested, for the ®rst time, that activation of p38 is required for UVB induced cox-2 gene expression in human keratinocytes. Since cox-2 expression plays an important role in UV carcinogenesis, p38 could be a potential molecular target for chemoprevention of skin cancer. Oncogene (2001) 20, 3921 ± 3926.
The ultraviolet-B (UVB) part of the sunlight spectrum is known to be a major cause of human non-melanoma skin cancer (Hall et al., 1988) . The process of UVB induced skin carcinogenesis includes alterations in both genetic and epigenetic levels. Genetic changes such as UVB induced DNA damage and mutagenicity are critical for skin tumor initiation (Ananthaswamy and Pierceal, 1990; Chen et al., 1997) . Epigenetic changes such as UV induced alterations in gene expression play an important role in tumor promotion and progression (Barthelman et al., 1998; Huang et al., 1996) . Recent studies have shown that cyclooxygenase-2 (cox-2) may play an important role in UV carcinogenesis (Fischer et al., 1999) . It has been observed that COX-2 protein increased after UVB exposure in both human skin and cultured human keratinocytes (Buckman et al., 1998) . Furthermore, immunohistochemistry and western analysis of human squamous cell carcinoma biopsies exhibited strongly enhanced expression for COX-2 protein when compared to normal non-sun exposed control skin (Buckman et al., 1998) . Enhanced expression of COX-2 was also observed in human skin epidermal cancer cell lines (Higashi et al., 2000) . In addition, transfection with the cox-2 antisense oligonucleotide into these cancer cells suppressed COX-2 protein expression and signi®cantly inhibited cancer cell growth (Higashi et al., 2000) . In vivo studies have shown a signi®cant reduction of UV induced skin tumors in hairless mice by selective COX-2 inhibition (Fischer et al., 1999; Pentland et al., 1999) .
COX-2 is one of the key enzymes for synthesis of prostaglandin E 2 (PGE 2 ) (Smith et al., 1996) . Exposure of the skin to UV light has been shown to induce prostaglandin production (Grewe et al., 1993; Buckman et al., 1998) . There is evidence to indicate that UV induced prostaglandin synthesis may contribute to UV induced tumorigenesis (Fischer et al., 1999; Grewe et al., 1993) . The initial step in the synthesis of prostaglandins from arachidonic acid is catalyzed by cyclooxygenase(s). There are two isoforms of this enzyme: COX-1 and COX-2 (Smith et al., 1996; Vane et al., 1998) . These two isoforms exhibit similar function. However, the expression of each of these two genes is regulated dierently (Smith et al., 1996; Vane et al., 1998) . COX-1 is constitutively expressed in most tissues, whereas COX-2 is inducible by a variety of tumor-promoting agents. The level of PGE 2 is regulated not only by the abundance of the COX enzymes, but also by the activity of phospholipase A 2 (PLA 2 ), the enzyme that facilitates release of arachidonic acid from the plasma membrane phospholipids (Gresham et al., 1996) . UV has been reported to activate PLA 2 in keratinocytes and thus provide substrate for the cyclooxygenases (Gresham et al., 1996; Kang-Rotondo et al., 1993) . Several lines of evidence suggest that prostaglandins play a role in carcinogenesis (Bennett et al., 1982; Rigas et al., 1993; Tsujii et al., 1998; Sheng et al., 1998) . Enhanced prostaglandin synthesis was observed in a variety of tumors (Bennett et al., 1982; Rigas et al., 1993) . Furthermore, prostaglandins can promote angiogenesis (Tsujii et al., 1998) and increase cell proliferation (Sheng et al., 1998) . A pathological overexpression of COX-2 resulting in excessive prostaglandin production has been found in early stages of carcinogenesis and appears to be a consistent feature of neoplastic development in a wide variety of tissues (Marks and Furstenberger, 2000) .
Mitogen-activate protein (MAP) kinases are a family of serine/threonine protein kinases. It has been shown that MAP kinases are important regulators in signaling pathways leading to proto-oncogene expression (Pages et al., 2000; Thomson et al., 1999; Cobb, 1999) . The activated MAP kinases may translocate to the nucleus, where the kinases phosphorylate their targets (Coso et al., 1995) . To date, the MAP kinase family has been found to include c-Jun NH 2 -terminal kinases, extraceullar signal-regulated protein kinases (ERK) and p38 MAP kinases (p38). Each family member consists of a number of subtypes. Recently, there is evidence indicating that MAP kinase family members play a role in chemical carcinogen induced cox-2 gene expression (Yang et al., 2000; Arbabi et al., 2000) . However, it is unclear at present time whether MAP kinases are intermediates in the UVB signaling pathway for cox-2 expression. Previously, we have reported that UVB signi®cantly increased p38 and ERK activities in cultured human keratinocytes . In this study, we further addressed the question of whether p38 and ERK play a role in UVB induced cox-2 gene expression in the same cell line, HaCaT, a human keratinocyte cell line.
To determine whether UVB could induce cox-2 gene expression in human keratinocytes, a time course of COX-2 protein levels after UVB was examined by Western analyses using an anti-human COX-2 antibody. As shown in Figure 1 , COX-2 protein was signi®cantly increased between 2 and 12 h after UVB irradiation. It appeared that COX-2 protein gradually increased after UVB and signi®cant alterations occurred at later time points. In addition, our Western analysis showed two bands of COX-2 protein. Parfenova et al. (1998) reported that COX-2 activity was posttranslationally regulated by tyrosine phosphorylation. Our result could be due to phosphorylation of COX-2 protein. Therefore, the top band might be the phospho-COX-2.
We previously demonstrated that p38 and ERK were markedly activated by UVB irradiation in HaCaT cells . Furthermore, p38 inhibitor SB202190 (5 mM) or MEK inhibitor PD98059 (20 mM) speci®cally inhibited the activation of p38 and ERK respectively . To investigate whether p38 or ERK were involved in the signaling pathways of UVB induced cox-2 gene expression, we examined UVB induced COX-2 protein level after suppression of p38 or ERK with same concentration of the inhibitors as we reported . As shown in Figure 1 UVB induces COX-2 protein expression in HaCaT cells. The cells were cultured to 95% con¯uence in DMEM with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin at 378C and in 5% CO 2 . The cells were then serum-starved for 24 h. Before UV irradiation, the cells were washed with phosphatebuered saline and then exposed to 250 J/m 2 of UVB without medium. A bank of two SF20 UVB lamps (National Biological Co., Twinsburg, OH, USA) with a peak emission at 313 nm was used. Control cells were mock-irradiated. After UVB irradiation, the cells were continuously cultured in serum-free DMEM until the cells were harvested at indicated time. The cell lysates were prepared and Western analysis was performed as reported ) with a COX-2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The results indicated that UVB strongly induces COX-2 protein expression in human keratinocytes. 7, mock-irradiated; +, UVB-irradiated Figure 2 Role of p38 inhibitor SB202190 and MEK inhibitor PD98059 on UVB induced COX-2 protein in HaCaT cells. The cells were cultured in DMEM with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin at 378C and in 5% CO 2 . The cells were cultured to 95% con¯uence and then serum-starved for 24 h. The cells were treated with 5 mM of p38 inhibitor SB202190 (Calbiochem Corp, La Jolla, CA, USA) or 20 mM of MEK inhibitor PD98059 (New England Biolabs, Beverly, MA, USA) in serum-free medium for 1 h. The cells were then washed with phosphate-buered saline and exposed to UVB irradiation without medium. Control cells were mock irradiated. (A) After exposure to 250 J/m 2 of UVB, the cells were continually cultured in serum-free DMEM containing the same amount of inhibitors until the cells were harvested at the indicated times. The cell lysates were prepared and western analysis was performed with a COX-2 antibody. (B) After exposure to various doses of UVB irradiation, the cells were continually cultured in serum-free DMEM containing the same amount of inhibitors for 12 h and then were harvested. The cell lysates were prepared and Western analysis was performed with a COX-2 antibody. The results indicated that p38 inhibitor strongly suppressed UVB induced COX-2 protein at various time points and UVB doses, whereas MEK inhibitor did not show a signi®cant inhibitory eect. 7, mock-irradiated; +, UVB-irradiated; SB, p38 inhibitor SB202190; PD, MEK inhibitor PD98059
Role of p38 and ERK in UVB induced cox-2 expression W Chen et al Figure 2A , blocking p38 activation with p38 inhibitor SB202190 almost completely abrogated COX-2 protein at 8 and 12 h after UVB irradiation. COX-2 protein showed no alteration in response to suppression of ERK with MEK inhibitor PD98059 after UVB ( Figure  2A ). To con®rm that the eects of p38 and ERK on UVB induced COX-2 protein were not limited to one UVB dose, we performed UVB dose response experiments. As shown in Figure 2B , COX-2 protein was induced by UVB irradiation in a dose dependent manner. Signi®cant increases of COX-2 protein levels occurred between 200 ± 350 J/m 2 . Suppression of p38 by SB202190 strongly inhibited COX-2 protein after various dose levels of UVB irradiation. However, inhibition of ERK by PD98059 did not signi®cantly alter UVB induced COX-2 protein level despite a very slight decrease of COX-2 protein was observed at 200 J/m 2 . These results indicated that p38 may play an important role in the signaling pathway of UVB induced cox-2 gene expression in human keratinocytes, whereas ERK may not be crucial in this process.
To further determine whether the eect of p38 and ERK on UVB induced COX-2 protein was potentially through regulation at transcriptional level, we carried out Northern blot analyses. As shown in Figure 3 , UVB strongly increased steady-state levels of cox-2 mRNA. This result implied that transcriptional activation of cox-2 gene could be a potential mechanism of UVB induced cox-2 expression. Similar to its eects on COX-2 protein, SB202190 strongly inhibited UVB induced cox-2 mRNA; whereas PD98059 only slightly suppressed UV induced cox-2 mRNA. These data further support the idea that p38 may play a crucial role in UVB induced cox-2 gene expression. Interestingly, our Northern data showed two cox-2 mRNA bands (Figure 3) . Based on the molecular weight (4.1 kb) of human cox-2 mRNA (Miller et al., 1998) , the bottom band represents the functional mRNA of cox-2.
Since COX-2 is one of the key cyclooxygenases catalyzing synthesis of PGE 2 from arachidonic acid, we further investigated the PGE 2 levels after UVB irradiation and impact of p38 and ERK on UVB induced PGE 2 . As shown in Figure 4 , UVB markedly increased PGE 2 levels as determined by enzyme immunoassay. SB202190 strongly attenuated UVB induced PGE 2 . However, it was unexpected that UVB induced PGE 2 was also inhibited by PD98059 ( Figure  4 ) whereas ERK did not appear to play a crucial role in UVB induced cox-2 gene expression (Figures 2 and  3) .
It has been reported that ERK activates cytosolic PLA 2 through phosphorylation of speci®c residues within PLA 2 (Hazan-Halevy et al., 2000; Geijsen et al., 2000; Hiller and Sundler, 1999) . Activated PLA 2 further translocates to the plasma membrane and releases arachidonic acid. Arachidonic acid is then metabolized to PGE 2 by cyclooxygenases (Gresham et al., 1996) . To determine whether ERK could play a role in PLA 2 activation after UVB irradiation in our system, we carried out an experiment to examine the eect of the MEK inhibitor PD98059 on UVB induced PLA 2 activity. Our data indicated that suppression of Figure 3 The eects of p38 inhibitor SB202190 and MEK inhibitor PD98059 on UVB induced cox-2 mRNA in HaCaT cells. The cells were cultured in DMEM medium with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin at 378C and in 5% CO 2 until 95% of con¯uence. The cells were serum-starved for 24 h and then treated with either p38 inhibitor SB202190 (5 mM) or MEK inhibitor (20 mM) for 1 h in serum-free DMEM. The cells were then washed with phosphate-buered saline and exposed to 250 J/m 2 of UVB. Control cells were mock-irradiated. After UVB irradiation, the cells were again cultured in inhibitor containing serum-free DMEM and harvested at the indicated times. Total RNA was isolated and Northern analysis was performed as reported ) with a 32 P-a-dCTPlabeled human cox-2 cDNA probe (Oxford Biomedical Research, Oxford, MI, USA). The results suggested that the p38 inhibitor strongly suppressed UVB induced cox-2 mRNA, whereas the MEK inhibitor only showed a weak inhibitory eect. 7, mockirradiated; +, UVB-irradiated; SB, p38 inhibitor SB202190; PD, MEK inhibitor PD98059. GAPDH, glyceraldehyde-3'-phosphate dehydrogenase Figure 4 Eects of p38 inhibitor SB202190 and MEK inhibitor PD98059 on UVB induced PGE 2 production in HaCaT cells. The cells were cultured in DMEM with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin at 378C and in 5% CO 2 until 95% of con¯uence. The cells were serum-starved for 24 h and then treated with either p38 inhibitor SB202190 (5 mM) or MEK inhibitor PD98059 (20 mM) for 1 h in serum-free DMEM. The cells were then washed with phosphate-buered saline and exposed to 250 J/m 2 of UVB. Control cells were mock-irradiated. After UVB irradiation, the cells were again cultured in inhibitor containing serum-free DMEM for 12 h. The cell lysates were prepared and PGE 2 levels were determined with a PGE 2 enzyme immunoassay kit according to manufacturer's instruction (Amersham Pharmacia Biotech Inc, Piscataway, NJ, USA; catalog number: PPN222). The results indicated that both SB202190 and PD98059 strongly inhibited UVB induced PGE 2 production in HaCaT cells. *Signi®cantly dierent from UVB irradiated cells treated with SB202190 or PD98059 (Student's t-test), P50.002 ERK by PD98059 did not aect PLA 2 activity after UVB (data not shown). This result suggested that ERK might not activate PLA 2 after UVB in human keratinocytes. Therefore, this could not explain our observation that MEK inhibitor PD98059 suppressed UVB induced PGE 2 production. In order to further explore the mechanism of inhibitory eect of PD98059 on PGE 2 production, we performed a study to examine the eects of PD98059 on UVB induced cyclooxygenase enzyme activity. As shown in Figure 5 , UVB strongly increased cyclooxygenase activity in HaCaT cells. Both PD98059 and SB202190 signi®cantly suppressed the enzyme activity. Therefore, the inhibitory eect of both inhibitors on PGE 2 production after UVB (Figure 4 ) resulted in part from direct inhibition of cyclooxygenase enzyme activity. Our observation was similar to that reported by Borsch-Haubold et al. (1998) who showed that PD98059 and SB203580, an analogue of SB202190, inhibited cyclooxygenase activity.
Most of non-melanoma skin cancers (squamous cell and basal cell carcinoma) are caused by excessive exposure to the UV part of sunlight (Hall et al., 1988) . A number of mechanisms contribute to UV photocarcinogenesis (de Gruijl and Forbes, 1995; DiGiovanni, 1992; Barthelman et al., 1998) . Recent studies have indicated that UVB induced cox-2 gene expression and an increase of PGE 2 synthesis might be an important contributing factor for non-melanoma skin cancer (Fischer et al., 1999; Pentland et al., 1999) . The role of COX-2 in UV carcinogenesis appeared to be involved in tumor promotion. This was suggested by a study of celecoxib, a selective COX-2 inhibitor that was found to inhibit UV tumorigenesis (Pentland et al., 1999; Fischer et al., 1999) . There is evidence that PGE 2 is a required co-mitogen for phorbol ester induced hyperproliferation (Furstenberger and Marks, 1990) . In human keratinocytes, a correlation between PGE 2 production and DNA synthesis was observed (Pentland and Needleman, 1986) . Therefore, PGE 2 might be a potent proliferative stimulus resulting in tumor promotion (Pentland et al., 1999) . The role of COX-2 and prostaglandins in tumor promotion was strongly supported by an in vivo initiation-promotion study, in which a 70 ± 80% reduction in chemically induced skin papillomas was observed in cox-2 de®cient mice compared with wild type mice (Chulada et al., 1998) . Several lines of evidence have indicated that MAP kinases may play a role in signal transduction pathways of chemically induced cox-2 gene expression (Yang et al., 2000; Arbabi et al., 2000) . However, the roles of MAP kinases in UVB induced cox-2 gene expression have not been identi®ed, particularly in human keratinocytes, the primary target cells for the induction of non-melanoma skin cancer by UVB. In the present study, we have provided evidence that there is an increase of COX-2 protein and mRNA after UVB. In addition, enhanced cox-2 gene expression was associated with a marked increase in PGE 2 level. Furthermore, UVB mediated cox-2 expression was blocked by p38 inhibitor, whereas suppression of ERK showed a very weak inhibitory eect on cox-2 expression. Thus, we have demonstrated, for the ®rst time, the role of p38 in UVB induced cox-2 gene expression in human keratinocytes.
Our Northern analysis showed that p38 inhibitor suppressed cox-2 mRNA after UVB. In addition, our studies in progress indicate that SB202190 attenuates UVB induced cox-2 gene transcription as determined using HaCaT cells transfected with a vector containing human cox-2 promoter driving a luciferase reporter gene; whereas PD98059 does not show an inhibitory eect (data not shown). These data indicate that p38 may mediate transcriptional activation of cox-2 after UVB. However, we cannot rule out the possibility that p38 may be involved in stabilizing cox-2 message after UVB in human keratinocytes. Dean et al. (1999) have reported that p38 was essential for stabilizing cox-2 mRNA in lipopolysaccharide-treated human monocytes. When monocytes were treated with lipopolysaccharide and a RNA synthesis inhibitor, actinomycin D, cox-2 mRNA decayed slowly. Whereas a treatment of cells with p38 inhibitor caused a rapid disappearance of cox-2 mRNA, even with actinomycin D present (Dean et al., 1999) .
Since p38 includes ®ve subtypes, it is unknown at the present time which subtype is actually involved in UVB induced cox-2 expression in human keratinocytes. Nemoto et al. (1998) has shown that SB202190 was a speci®c inhibitor of p38a and p38b, which implies that Figure 5 Eects of p38 inhibitor SB202190 and MEK inhibitor PD98059 on UVB induced cyclooxygenase enzyme activity in HaCaT cells. The cells were cultured in DMEM with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin at 378C and in 5% CO 2 until 95% of con¯uence. After serum-starvation for 24 h, the cells were then washed with phosphate-buered saline and exposed to 250 J/m 2 of UVB. Control cells were mockirradiated. Twelve hours after UVB, the cells were treated with either p38 inhibitor SB202190 (5 mM) or MEK inhibitor PD98059 (20 mM) for 20 min in serum-free DMEM. Then the cells were incubated with serum-free DMEM containing arachidonic acid (100 mM) and corresponding inhibitors for 10 min. Fifty ml of supernatant were collected and PGE 2 levels were determined with a PGE 2 enzyme immunoassay kit according to manufacturer's instruction (Amersham Pharmacia Biotech Inc, Piscataway, NJ, USA; catalog number: PPN222). The results indicated that both SB202190 and PD98059 strongly inhibited UVB induced cyclooxygenase enzyme activity in HaCaT cells. *Signi®cantly dierent from no inhibitor/no UVB irradiated cells (Student's ttest), P50.0001; **Signi®cantly dierent from no inhibitor/UVB irradiated cells (Student's t-test), **P50.0001 other subtypes of p38 such as p38g and stress-activated protein kinase 4 may be less involved in UVB induced cox-2 gene expression in human keratinocytes.
We have reported previously that UVB strongly induced transactivation of activator protein 1 (AP-1) and AP-1 DNA binding in HaCaT cells . Further studies demonstrated that p38 was a critical mediator in UVB signaling pathway for AP-1 activation (Chen and Bowden, 2000) . In addition, we found that p38 played an important role for UVB induced c-fos gene expression . Suppression of p38 almost completely blocked an increase in c-fos transcription and protein . c-Fos was demonstrated to be a major component of UVB induced AP-1 complex in HaCaT cells . Therefore, the importance of AP-1 for cox-2 expression was indicated by p38 inhibitor SB202190, which blocked both UVB mediated AP-1 activation and cox-2 expression. In addition to the role for p38 in UVB signaling, it has been reported that AP-1 might be involved in interleukin-1b induced cox-2 gene expression (Allport et al., 2000) . This was shown by reduced luciferase expression in transient transfection with a reporter construct containing a mutation of an AP-1 site in the cox-2 promoter. Furthermore, transient transfection assays with cox-2 promoter/luciferase reporter vectors suggested that c-Jun mediated v-src-induced cox-2 gene expression (Xie and Herschman, 1995) . Antibody supershift experiments demonstrated that c-Jun participated in a complex binding to cyclic AMP response element within the cox-2 promoter (Xie and Herschman, 1995). Our results, taken together with other reports (Allport et al., 2000; Xie and Herschman, 1995) , implied that AP-1 might be an important mediator of UVB induced cox-2 expression. Further investigation is required to determine whether blocking AP-1 with genetic approaches could abolish UVB induced cox-2 expression in human keratinocytes. In addition to AP-1, other transcription factors, such as NFkB (Allport et al., 2000) and cyclic AMP response element binding protein (Miller et al., 1998) , may also play roles in UVB induced cox-2 expression in human keratinocytes. Experiments in progress are directed at exploring these possibilities.
In conclusion, this study provides the ®rst evidence that p38 is crucial for UVB induced cox-2 gene expression in human keratinocytes. ERK does not appear to be signi®cantly involved in this process. Since cox-2 expression plays an important role in UV carcinogenesis, p38 could be a potential molecular target for chemoprevention of skin cancer.
